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Optical generation and spatially distinct interferometric detection
of ultrahigh frequency surface acoustic waves
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Generation and interferometric detection of 22 GHz surface acoustic waves (SAWs) using two
laterally separated absorption gratings on a Si substrate are presented. Optical phase sensitive
detection of SAWSs is demonstrated using a modified Sagnac interferometer. The reflection
characteristics of the suboptical wavelength grating necessitate the use of only linear polarization.
This is accomplished by employing a Faraday rotator to ensure path reversal of the reference and
signal pulses. The enhanced sensitivity of the interferometer is exploited to measure the acoustic
disturbance on an identical absorption grating at a distance of ~4.5 um from the generation site.
© 2006 American Institute of Physics. [DOI: 10.1063/1.2203311]

Modulation of electronic and optical properties of semi-
conductors using highly localized strain gradients has at-
tracted a great deal of attention recently. The applications are
many and varied including lateral quantum confinement of
carriers using strain gradients associated with patterned
stressors,l‘2 acoustic control of recombination pathways,3
surface acoustic wawes (SAWSs) used for finite wave vector
spectroscopy,4 SAW driven single electrons pumps,5 and
electron spin transport using acoustically defined dynamic
quantum dots.® A motivating factor for this work is the abil-
ity to produce lateral modulation of material properties with-
out the problems associated with compositional interfaces.
Lateral strain modification of electronic and optical proper-
ties typically involves either deformation potential mediated
modulation of the conduction and valence band edgesl’2
or the trapping of carriers in the traveling potential wells
associated with SAW propagation on piezoelectric
semiconductors.®

While these approaches show great promises they all
have limitations. For instance, nanometer scale patterned
stressors used to Produce static strain gradients mask the car-
riers underneath.' Ultrahigh frequency SAWs offer an ap-
pealing option since SAW transducers can be patterned far
away from the interrogation site.*” However, electrically
driven interdigital transducers require a piezoelectrically
active material for acoustic wave generation, thus limiting
the material systems and crystal orientations that can be
investigated.

Optical generation of picosecond SAWs (Refs. 8—10) us-
ing nanometer scale absorption gratings provides an attrac-
tive alternative to piezoelectric generation. In this letter, ther-
moelastic generation and interferometric detection of
picosecond SAWs using two spatially separate, suboptical
wavelength absorption gratings are presented.11 The work
outlined in this letter builds on a previous effort involving
generation and detection of picosecond SAWs using a single
absorption grating.10 In that work, SAW detection involved
monitoring small changes in reflectivity and as a result of the
relatively poor signal to noise ratio; only short, intragrating
propagation distances were examined (<1.5 um). In the
present study, it is shown that the enhanced sensitivity pro-
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vided by the detection of optical phase facilitates the genera-
tion and detection of picosecond SAWs on adjacent gratings
laterally separated by ~7.5 wm. The samples were prepared
using electron beam lithography. They consist of 5 um long
bars periodically deposited on a (100) Si substrate (Fig. 1).
The bar axis coincides with the [001] direction. The bar
height &, width a, and periodicity p are 50 nm, 110 nm, and
220 nm, respectively. The experimental setup is shown in
Fig. 1. The pump and probe pulse trains, derived from the
same mode locked Ti:sapphire laser (Coherent Mira 900)
with ~1 ps pulse duration and a pulse energy of .06 nJ, are
focused at normal incidence onto the sample with a micro-
scope objective producing spot sizes D ~2.5 um. In order to
take full advantage of the grating bandwidth, the laser pulse
duration must be small in comparison to the SAW transit
time across one period of the grating. A shaker'? operated at
12 Hz is placed in the probe (800 nm) leg to provide a vari-
able optical delay. The polarization of the probe pulse rela-
tive to the grating axis is varied with a N/2 plate. The fre-
quency doubled pump 1ight13 (400 nm) is amplitude
modulated at 1 MHz to facilitate lock-in detection and the
polarization plane is aligned with the bar axis.

The detection characteristics of the absorption grating as
a function of probe polarization are examined in Figs.
1(b)-1(d). The changes in reflectivity for a uniform, thick
aluminum film and a pristine Si substrate are represented in
Fig. 1(b) (i) and (ii), respectively. The sharp change in the
two signals near r=0 is caused by nonequilibrium heating
and rapid cooling of the electron gas. These changes are
followed by a slow decay caused by thermal diffusion. A
comparison between the two detection schemes, optical po-
larization parallel and perpendicular to the grating axis, is
presented in Fig. 1(c). The sign of the thermal response for
the parallel and perpendicular detection schemes is of the
same sign as the thermal response of the uniform aluminum
film and the Si substrate, respectively. This observation illus-
trates that for the 800 nm probe light the absorption grating
acts like a wire grid polarizer with the transmission axis per-
pendicular to the grating axis.'"* The action of a wire grid
polarizer is understood by considering a grating period much
smaller than the optical wavelength. In this case the motion
of the conduction electrons perpendicular to the grating axis
is confined and hence the perpendicular component is essen-
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FIG. 1. (a) Experimental setup. (b) Change in reflectivity (AR) (i) for a
uniform Al film and (ii) for a pristine Si substrate. (c) AR for the Al grating;
probe polarization is (i) parallel and (ii) perpendicular to the grating axis. (d)
Detection characteristic for a probe polarization oriented at 45° to the grat-
ing axis. The polarizer passes light with a polarization orientation at (i) +45°
and (ii) —45°, to the x axis. The data presented in (iii) are taken without a
polarizer. (e) Fourier amplitude spectrum for the data presented in (d) (i).

tially unaltered as it propagates through the grating. To fur-
ther investigate the detection characteristics, an experiment
was performed with an input polarization at 45° to the grat-
ing axis, giving components parallel and perpendicular to the
grating axis. Upon passage a second time through the \/2
plate, the parallel and perpendicular components are rotated
to an orientation +45° and —45° to the x axis, respectively.
These two components are resolved with the aid of a polar-
izer place before the photodetector [Fig. 1(d)]. The signal
components +45° and —45° are out of phase by 180° as a
function of delay time. Thus, without a polarizer, both com-
ponents add destmctivelyw’15 (iii). There are many mecha-
nisms that contribute to the signal (e.g., photoelastic cou-
pling to the strain field and acoustic modulation of the
optical diffraction characteristics of the grating). The relative
phase of these contributions as a function input polarization
and delay time could account for the phase relation between
the +45° and —45° components. The Fourier amplitude spec-
trum of the data presented in Fig. 1(d) is shown in Fig. 1(e).
The center frequency is 22 GHz which corresponds closely
to the predicted frequency using the SAW velocity of the

substrate material
=22.4 GHz."
With a basic knowledge of the detection characteristics
as a function of input polarization it is now possible to con-
struct an interferometric detection scheme. This approach in-
volves a common path interferometer'® for monitoring
changes in optical phase, Fig. 2(a). The interferometer is
composed of two pulses: one that initially traverses path A
(signal pulse) and one that initially traverses path B (refer-
ence pulse). It should be noted that the reference pulse ar-
rives at the grating approximately 2.1 ns after the signal
pulse. This is necessary to ensure that the acoustic distur-
bance has propagated off the grating before the reference
pulse arrives. Typically a N/4 plate is used to force the nor-
mally incident signal and reference pulses to reverse path
upon reflection (i.e., ensuring common path operation).
However, the reflection characteristics of the suboptical ab-
sorption grating, as already discussed, preclude the use of a
N/4 plate which introduces signal components that are par-
allel and perpendicular to the grating axis. To circumvent this
problem, a Faraday rotator was used in place of a N/4 plate.
The Faraday rotator uses an optically active material to rotate
the polarization plane. In this case, the polarization state of
the light is always linear. A single pass through the Faraday
rotator rotates the polarization of both the signal and refer-
ence beam by 45°. A \/2 plate is then used to rotate the
polarization plane of the signal and reference pulse to be
parallel and perpendicular to the grating axis, respectively.
After passing through the Faraday rotator a second time,
both beams reverse path and are made to interfere'” with the

and the grating period, f=Vgaw/p
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aid of a N/4 plate and a polarizer aligned at 45°
(in the £+ direction).

After reflection from the nonpolarizing beam splitter
(NPBS) the electric field is expressed as the Jones vector
(Epr&—Er,Y), where r, is the complex amplitude reflection
coefficient of the substrate as seen by the reference pulse
(E,), ry=r4(7) is the complex amplitude reflection coefficient
of the grating as seen by the signal pulse (E;), and 7 is the
delay between the pump and signal pulses. (Here z is always
along the propagation direction and y is the upward out-of-
plane direction.) For monitoring small changes in the real
and imaginary parts of the reflectance it is convenient to
write

I's=Ts0 eXp(i(PsO)v
| (1)
rg = rgO(l + p)exp[l((PgO + 5()0)]’

where p(<1) is the relative change in reflectance and
S¢(<1) is the change in optical phase induced by the pump
pulse. If the \/4 plate is aligned at an angle of ¢ to the y
axis, then the intensity at the photodetector for maximum
negative, =0°, and positive, y=90", phase sensitivity is
given by1

22 22 2 2
Iy = E5ryg + Eqrgg+ 2pryoEy — 2E,E 4o go09,

Iyy = Egr_%o + E%réo + ZprgoE% +2E5E 11 0 0,
| | @
[sin(@y0 = @40)c08(Sp) = cos(@y0 = ¢g0)sin(Sp) ] = — S,

[sin(@g0 = @50)c0s(5@) + cos( — @yo)sin(dp) ] = d¢.

Using published values for the index of refraction for Si and
aluminum, the expression (@ —¢,0)~ 15°, validating the
linear approximation to the trigonometric identity used in the
derivation of Eq. (2). Figure 2(b) shows the two interfero-
metric responses for ¢=90° (top) and #=0° (middle) as well
as the change in reflectance obtained without using a polar-
izer (bottom). The signal attenuation is primarily due to cou-
pling to bulk modes as the SAW propagates underneath the
grating.g’]0 The configuration, p+ d¢, gives a signal ampli-
tude that is roughly 2.5 times that of reflectance signal alone
(bottom).

The final step in this investigation involves generation
and detection on two separate absorption gratings. A sche-
matic illustrating the location of the generation and detection
spots relative to the two gratings is shown in Fig. 2(c). The
grating centers are separated by ~7.5 um. The generation
and detection pulses irradiate regions near adjacent edges of
either grating to minimize the propagation distance between
generation and detection spots. It should be noted that it was
necessary to minimize the propagation distance under the
gratings since SAWs attenuate rapidly in this region due to
coupling to bulk modes. The spot size of the pump and probe
pulses at the sample surface, ~2.5 um, is measured using
the gratings as a knife edge. The transit time for a SAW to
propagate from the generation to the detection spot centers,
~4.5 um, is approximately 920 ps. The interferometic data,
p+ 8¢, presented in Fig. 2(d) are for a 0.04 nJ pump pulse
and a 0.02 nJ probe pulse. The pump pulse was delayed rela-
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tive to the signal pulse by 740 ps so that the 920 ps mark fell
approximately in the middle of the shaker scan. The signal
was average 1000 times to improve the signal to noise ratio.
The SAW signal at 22 GHz is clearly revealed. The initial
increase and subsequent decay in signal amplitude in Fig.
2(d) is attributed to a convolution of the Gaussian profiles of
the probe and the pump as well as acoustic attenuation. Us-
ing the signal to noise ratios of the p+d¢ signal near =0
and at r=750 ps, and assuming a ~0.1 urad rad detection
resolution,'® the out-of-plane surface displacement adjacent
to the generation grating is estimated'® to be ~1 pm.

In summary, thermoelastic generation and interferomet-
ric detection of 22 GHz SAW are demonstrated using two
spatially distinct absorption gratings. The reflection charac-
teristics of the suboptical absorption grating necessitate the
use of only linear polarization inside the sample interroga-
tion section of the interferometer. A Faraday rotator, which
maintains linear polarization throughout, is used in place of a
N\/4 plate to make the normally incident signal and reference
pulses reverse path. The enhanced sensitivity of the interfer-
ometer is exploited to measure the acoustic disturbance on an
identical absorption grating at a distance of ~4.5 um from
the generation site. Demonstration of remote detection of
thermoelastically generated ultrahigh frequency SAWs sug-
gests future experiments that investigate strain modification
of the electronic and optical properties in regions that are
within the propagation path of the SAWs and adjacent to the
generation grating.
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